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We propose a new formation channel for intermediate mass black hole (IMBH) binaries via glob-
ular cluster collisions in the Galactic disc. Using numerical simulations, we show that the IMBHs
form a tight binary that enters the gravitational waves (GWs) emission dominated regime driven
by stellar interactions, and ultimately merge in . 0.5 Gyr. These events are clearly audible to LISA
and can be associated with electromagnetic emission during the last evolutionary stages. During
their orbital evolution, the IMBHs produce runaway stars comparable with GAIA and LAMOST
observations.
Keywords: black hole physics - star clusters - Galaxy
I. INTRODUCTION
Intermediate mass black holes (IMBHs), with
masses in the range 102 − 105M, are thought
to form via repeated star and stellar BH colli-
sions in massive star clusters [1–5]. This makes
globular clusters (GCs) the most promising sys-
tems to look for IMBHs [6–12]. The missing
clear evidence of the presence of IMBHs in such
systems owes mainly to the small size of their
sphere of influence, namely the region of space
where the IMBH dominates stellar dynamics
[13]. The limited spatial resolution of current
instruments, as well as the crowding and low
luminosity of stars in GCs, makes impossible to
calculate stellar radial velocities or proper mo-
tions in the IMBH immediate vicinity [8, 14, 15].
Moreover, several mechanisms can mimic the
observational signatures typical of IMBHs, like
radial anisotropies [16], observational biases like
the presence of bright stars dominating the flux
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[17], or the presence in the GCs centre of a pop-
ulation of stellar mass BHs [18–25]. The inter-
play between IMBHs and stars can provide a
way to detect this elusive type of BHs. Close
star-IMBH encounters can result in tidal disrup-
tion events [TDEs 26–28], shining-up the IMBH
in multi-wavelength [7, 29, 30], whereas strong
scatterings can produce runaway stars [31–33],
as the one recently observed by the LAMOST
collaboration [34].
In the case of IMBH pairing, the resulting bi-
nary can appear as a low-frequency (∼ mHz)
gravitational waves (GWs) emitter audible to
the next generation of GW detectors [35–38],
like LISA[39] [35], Taiji [40], or TianQin [41].
However, it is unclear what processes can favour
the formation of such binaries. In two recent pa-
pers, [42] and [43] show that massive GCs born
in the MW thick disc can undergo close encoun-
ters and merge at a rate of ∼ 1.8 per Gyr. In
this letter we explore a new potential channel
for IMBH binary formation, modelling the col-
lision of two GCs orbiting in the Galactic disc,
each hosting a central IMBH by means of direct
N -body simulations. We show that the GCs
merger triggers the formation of a tight binary
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2that efficiently shrinks due to continuous inter-
actions with cluster stars, and eventually merge
releasing observable GWs. We show that IMBH
mergers can be observed in future with LISA,
and could produce detectable electromagnetic
radiation before coalescence. We demonstrate
that such mechanism can explain observations
of runaway stars in the Galaxy outskirt.
II. METHOD
Following [43] [but see also 42], we simulate
the evolution of 100 GCs (M = 107M each) or-
biting the Galactic disc, taking into account the
Galaxy as an external static potential consist-
ing of three components: a thin and a thick disc
plus a spherical dark matter halo. Each compo-
nent is modelled adopting the functional forms
described in [44] assuming the parameters given
in [45], which ensure a reliable representation of
the Galaxy [42].
Clusters initial conditions are taken from [43]:
98 of them are modelled as softened Plummer
spheres [46] with scale length 20 pc, while the re-
maining two clusters are modelled with 262000
particles, corresponding to a mass resolution
of ∼ 76M. The GCs are initialized accord-
ing to two different King [47] profiles, a more
concentrated one with adimensional potential
well W0 = 7 and core radius rc = 1 pc, typ-
ical for Galactic GCs, and another one with
W0 = 6 and rc = 4.4 pc similar to ω Centauri,
the most massive GC of the Galaxy. We as-
sume that an IMBH sits in the centre of each
cluster. The densest cluster hosts an IMBH of
mass MIMBH = 10
4M, while for the sparser
one we assume MIMBH = 5 × 103M. The re-
sulting IMBH-to-GC mass ratio is compatible
with both theoretical models [1, 4, 25] and ob-
servations [9].
We carry out the simulation up to 0.35 Gyr
using two different codes: HiGPUs [48, 49], and
PhiGPU [50, 51]. Both codes exploit graphic
processing units parallel computing, and im-
plement a 6th-order Hermite integrator scheme
with block time steps. We use HiGPUs to fol-
low the first part of GCs trajectories, while
PhiGPU is used to follow the IMBHs binary evo-
lution, as it implements a proper treatment for
BH dynamics. We simulate part of the GCs evo-
lution with both codes, in order to ensure their
accuracy and reliability. The relative energy
change at the end of the simulation is ≤ 10−7.
III. RESULTS
A. Intermediate mass black hole binary
formation and coalescence
After the GCs collision, which takes place at
' 22.7 kpc from the Galactic centre in about
200 Myr, the IMBHs evolution can be dissected
into three distinct phases. During the first
phase, which lasts τDF ∼ 100 Myr, the heavier
IMBH settles in the centre of the cluster rem-
nant, while the lighter one slowly inspirals to the
centre due to dynamical friction. As soon as the
secondary IMBH enters the primary’s sphere of
influence, RSOI ∼ 0.06 pc, dynamical friction
ceases and the two IMBHs form a binary sys-
tem with initial semi-major axis a0 = 0.17 pc
and eccentricity e0 = 0.72. The onset of bi-
nary formation is followed by a relatively short
phase, τHD ∼ 30 Myr, during which the binary
hardens via stellar interactions. The hardening
rate progressively slows down due to the contin-
uous depletion of stars in the loss-cone and the
binary “stalls”, i.e. its semi-major axis varies
slowly. At this stage, t ' 0.3 Gyr, the binary
has aHD = 6.5 × 10−4 pc and eHD = 0.98. Fig-
ure 1 shows the different phases of the IMBHs
evolution.
Despite the hardening efficiency decreases
rapidly, the separation achieved at the onset
of stalling is sufficiently small for gravitational
waves (GWs) emission to kick in and start dom-
inating the binary evolution, potentially lead-
ing the IMBHs to merge. Since none of the
codes used to perform the simulation take into
account general relativistic terms, we record
(aHD, eHD) values at the last simulated snap-
shot and use the analytic treatment described in
[52] to follow the binary evolution down to the
merger. We find that the two IMBHs merge
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FIG. 1. Time evolution of the IMBH binary orbital properties: separation (top panel), inverse semi-major
axis (central panel), and eccentricity (bottom panel). Black dotted lines refer to the results obtained with
the HiGPUs code, while red solid lines identify the PhiGPU simulation. The dotted vertical line marks the
moment in which the two GCs merge, while the solid vertical line marks the moment of the formation of the
IMBH binary. Labels refers to binary initial semi-major axis (a0) and eccentricity (e0) values at formation.
in ∼ 677 Myr, thus implying a total time-
span from GCs merging to the IMBHs merger
τmer . 1 Gyr.
Our simulation suggests that a massive
(Mbin = 1.5 × 104M) IMBH binary forming
after the collision between two Galactic GCs in
the disc merges on a time-scale relatively short
compared to typical GC ages (' 10 Gyr).
According to [42] and [43] estimates, we can
infer for MW-like galaxy ∼ 18 GC mergers
per typical GC lifetimes. This conservative es-
timate assumes an initial monochromatic GC
mass function, having all GCs in [42] a mass of
M = 107M. However, it must also be noted
that galaxies heavier than the MW are expected
to host a larger number of GCs [53–55], possi-
bly implying a larger collisions rate. If, as sug-
gested in literature [see for instance 4, 25, 56],
only 10 − 20% of GCs host an IMBH we can
naively expect the formation of ∼ 2− 4 IMBH-
IMBH per MW-like galaxy over a Hubble time.
Although rare, GCs collisions in galactic discs
constitute a promising way to build-up massive
IMBH binaries.
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FIG. 2. Amplitude of the GW signal emitted by the
IMBH binary during the inspiral as a function of
the leading frequency. Colour-coding identifies the
binary eccentricity. Labels mark the inspiral time in
different moments. The solid black line represents
LISA sensitivity curve.
1. Gravitational waves detectability
To check whether our IMBH binary is de-
tectable, we compare in Figure 2 the amplitude
h and frequency f of the dominant harmonic
of the binary GW signal to the LISA sensitiv-
ity curve, assuming that the source is located
at redshift z = 2, corresponding to a luminosity
distance DL ∼ 16 Gpc.
The source detectability depends on the LISA
signal-to-noise ratio (SNR), defined as [57–60](
S
N
)2
=
∑
n
∫
hn(f)
fSn(f)
d ln f, (1)
where hn is the signal amplitude that corre-
sponds to the n-th harmonic and Sn(f) is the
LISA averaged noise spectral density. One year
prior to merger, the binary has a residual eccen-
tricity smaller than 10−4. At these eccentricity
values, the only harmonic contributing to the
GW strain is the one corresponding to circular
orbits, thus the sum in Equation 1 has only one
term. Table I lists the SNR calculated assuming
different redshifts z and corresponding luminos-
ity distances DL, and further assuming that the
observation begins 1 yr prior to merger. At red-
TABLE I. SNR in LISA detector at various redshifts
z DL (Gpc) SNR
0.05 0.23 665
0.1 0.48 352
0.2 1 197
0.7 4.4 92
1.0 6.8 82
1.5 11 78
2.0 16 79
2.5 21 82
3.0 26 86
shift z < 3, the SNR will be sufficiently high to
measure binary components mass with a preci-
sion of 10%, being S/R|threshold = 20 the thresh-
old required to achieve such precision [61].
An intriguing phenomenon connected to
IMBHs pairing and coalescence is the joint elec-
tromagnetic (EM) and GW emission during the
binary final evolutionary stages, similarly to
what expected for SMBHs [see for instance 62].
A condition to be fulfilled for an IMBH to sus-
tain EM emission is to be surrounded by an
accretion disc, which can trigger X-ray flares
[28, 63–65], even jointly with radio and optical
signals [29, 30], or give rise to a radio continuum
source [7].
Disrupted stars [28, 65], or leftover gas from
stellar evolution [21] can contribute to the devel-
opment of IMBH accretion discs. Furthermore,
GCs moving in the Galactic disc can trap some
gas from the interstellar medium [66], which will
be inevitably accreted onto the cluster heaviest
object [67], most likely the IMBH. The physics
of accretion discs is nowadays quite well un-
derstood for mass ranges > 105M, the realm
of SMBHs. Hydrodynamical simulations have
shown that in SMBH binaries, each component
can feature a “mini-disc” [68–71], which sus-
tains accretion all the way to the merging phase,
making the SMBHs shine up in EM multibands
throughout all the final evolutionary phases [72–
75].
A few weeks prior to merger, the varia-
tion in the orbital evolution dominated by GW
emission is expected to trigger a characteris-
tic “chirp”-like EM emission that can allow
5the identification of EM counterparts to LISA
sources with masses 103 − 106M at redshift
z = 1 − 2, and to monitor them before co-
alescence [75]. Observing such features will
be possible in the future in the optical band,
through the Large Synoptic Survey Telescope
(LSST[76]), or in X-rays through the Athena
mission[77]. Thus, monitoring galactic discs
seeking for this kind of EM emission can al-
low the identification of IMBH binaries in their
birth-site before the merger takes place.
2. Properties of IMBH-IMBH binaries in galactic
discs
Binary evolution can be dissected into four
stages: i) the GCs merge over a timescale
τGC and the heavier IMBH settles into the GC
merger remnant, ii) the lighter IMBH spirals
in over a dynamical friction timescale τDF, iii)
the two IMBHs form a binary that hardens over
a time τHD, iv) the IMBHs coalesce in a GW
timescale τGW. Therefore, we can define a total
merging time as
τmer = τGC + τDF + τHD + τGW. (2)
The four terms in the equation above can be
used to infer τmer at varying IMBH masses and
mass ratio. While the GCs collision time is
independent of the IMBH mass, the dynami-
cal friction timescale depends on the mass of
the lighter IMBH τDF ∝ M−0.672 [78, 79]. Dy-
namical friction will cease when the secondary
IMBH will enter the sphere of influence of the
primary [80], RSOI = GM1/σ
2, being σ the
velocity dispersion in the GC nucleus. The
timescale over which the hardening operates
scales linearly with the primary mass, being
τHD ' kRSOI, with k proportional to the bi-
nary adimensional hardening rate [80]. The GW
time, instead, scales with the masses of both the
IMBHs as τGW ∝ (M1M2(M12))−3 [52], being
M12 = M1 + M2 the binary mass. Therefore,
for a generic IMBH binary with mass M1n and
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FIG. 3. Total merger time at varying the pri-
mary and secondary IMBH masses. The dotted line
marks the transition between binaries having merg-
ing time longer or shorter than 10 Gyr. The white
dot labels our simulated model.
M2n we can write
τmer,n = τGC + τDF,n + τHD,n + τGW,n, (3)
τDF,n = τDF
(
M2n
M2
)−0.67
, (4)
τHD,n = τHD
(
M1n
M1
)
, (5)
τGW,n = τGW
(
M1nM2nM12n
M1M2M12
)−3
. (6)
We find a clear transition between binaries
that undergo a merger within 10 Gyr, i.e. the
typical age of the majority of Galactic GCs,
and long-lived binaries (see Figure 3). Our pre-
dictions suggest that low-mass IMBHs, M1,2 .
104M are unlikely to merge within a Hubble
time.
Our simple approach suggests that a num-
ber of low-mass IMBH binaries might be lurking
in the centre of GCs orbiting MW-like galactic
discs. These results highlights the need for fu-
ture detailed GC simulations to shed light on
the probability for IMBH binaries to form fol-
lowing GC collisions.
6TABLE II. Properties of runaway stars
No. vej tej tt
km s −1 Gyr Myr
E7110 2710 0.195 6.9
E25444 290 0.221 64.7
E85345 688 0.206 27.4
B. Runaway stars from star-IMBH
interactions
The IMBH binary has a crucial impact on
stellar dynamics. For instance, close interac-
tions with the IMBHs can trigger the ejection
of stars. Recently, the LAMOST collaboration
discovered a runaway massive star, with mass
m∗ = 8.3M, traveling in the Galactic outskirts
(19 kpc) at a velocity ∼ 568+19−17 km s−1 likely
originating in a young massive cluster lurking
in the Galactic Norma spiral arm [34]. The
properties of this high-velocity star suggest that
its ejection was caused by an IMBH with mass
larger than 102M. In our simulation, we find
3542 escaper candidates after 0.4 Gyr, all hav-
ing velocities larger than the local escape veloc-
ity, roughly v & 102 km s−1. Two candidates,
E25444 and E85345, are ejected from the pri-
mary IMBH after 206 and 221 Myr, with a ve-
locity of 290 km s−1 and 688 km s−1, similar
to the LAMOST star. The travel time needed
to our candidates to reach such galactocentric
distance is ∼ 6.9 Myr for the fastest candidate,
and ∼ 65 Myr for the slowest one. The ejection
of high-velocity stars resulting from star-IMBH
interactions represents a natural outcome of the
simulation, although our model was not meant
to reproduce such phenomenon. Since in the
simulation the ejection is triggered by the most
massive IMBH, these findings might imply two
possible scenarios: i) the LAMOST star ejec-
tion site still harbours the IMBH binary, ii) the
ejection took place after the IMBH merger.
IV. CONCLUSIONS
In this letter we propose a mechanism to form
IMBH binaries from the collision between two
GCs in the Galactic disc. Using direct N -body
simulations, we followed the binary formation
and evolution phases, showing that the interac-
tions with cluster stars efficiently drive the bi-
nary into the regime dominated by GWs emis-
sion, leading it to merge over a total time-span
of ∼ 1 Gyr.
Our main results can be summarized as fol-
lows:
• colliding GCs can trigger the formation of
IMBH binaries with masses 102 − 105M
orbiting MW-like discs;
• in the case of massive IMBHs, namely
M1 +M2 & 104M, the binary efficiently
hardens via stellar scatterings, entering
the regime of GW emission and eventually
coalescing in a relatively short time-scale,
τmer ' 1 Gyr,
• the GWs emitted during the last stages
of the IMBH binary evolution are audible
to LISA, being the accumulated SNR 1
yr prior to merger SNR> 80 at redshift
z < 3,
• upon conservative assumptions about
IMBH formation in GCs, our mechanism
predicts ∼ 2− 4 IMBH mergers per MW-
like galaxy per Hubble time,
• extrapolating our results to a wider range
of IMBH masses, we find two class of
IMBH binaries, either GW dominated or
long-lived,
• the IMBHs can trigger the ejection of po-
tential runaway stars with velocities 290−
688 km s−1, compatible with the inferred
velocity of a massive runaway star ob-
served by the LAMOST collaboration and
thus supporting the IMBH-driven ejection
scenario.
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